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An ionic current model of the retinal horizontal cell is constructed. The horizontal cell models are 
interconnected by gap junctions to form a horizontal cell layer. The light response properties of the 
L-type horizontal cell are analyzed using this model. We demonstrate the functional role of each 
ionic current and the role of the feedback loop between cones and horizontal cells. The present 
study provides insight into the dynamic relationships between characteristics on the cellular level 
and on the multi-cellular level for producing the fight response in horizontal cells. Copyright © 
1996 Elsevier Science Ltd. 
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1. INTRODUCTION 
In the vertebrate r tina, the outer plexiform layer, which 
consists of synaptic onnections among photoreceptors, 
horizontal cells and bipolar cells, plays a fundamental 
role in color- and spatial-information processing (Kane- 
ko, 1987). Trichromatic cone signals are converted into 
color opponent signals in the horizontal cell layer by 
subtype specific synapses from horizontal cells to cones 
(Fuortes & Simon, 1974; Stell & Lightfoot, 1975). Gap 
junctional connections between horizontal cells cause 
direct electrical signal spread to neighboring cells 
(Kaneko, 1971; Kouyama & Watanabe, 1986). The 
lateral spread results in formation of a wide receptive 
field of the horizontal cells and contributes to an 
antagonistic receptive field of bipolar cells. In fish 
retinas, three types of cone-driven horizontal cells, 
namely the L-type (H1) and two kinds of C-type (H2 
and H3) horizontal cells, can be identified by their light 
response properties and morphologies (Kaneko, 1970; 
Mitarai et al., 1974). 
Horizontal cells respond with graded potential to light 
stimuli and show nonlinear response dynamics when the 
stimulus conditions such as intensity, wavelength, pattern 
size and position are changed (Usui et al., 1983). In 
previous tudies, the response properties were analyzed 
mainly in terms of the steady-state characteristics such as 
the peak amplitude and the plateau level. Steady-state 
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measurements, however, are not enough to characterize 
nonlinear properties in the response dynamics. To 
overcome such insufficient traditional nalysis, modeling 
studies based on the relevant physiological evidence have 
been performed (Marmarelis & Naka, 1976; Lamb, 1976; 
Yagi, 1986; Kamermans et al., 1989; Winslow, 1989). 
However, physiological mechanisms underlying the 
response are still unclear. We proposed a reduction 
model (Usui et al., 1983) to explain the response 
nonlinearity, although the model did not include the 
nonlinear membrane properties of horizontal cells. 
Recently, progress in retinal physiology has revealed 
detailed characteristics of retinal neurons in terms of 
ionic currents, neurotransmitters and wiring of the 
network. Since the ionic current mechanism is funda- 
mental for generating the electrical response of neurons, a 
simulation study based on these characteristics makes it 
possible to analyze nonlinear response properties and to 
understand the role of a particular ionic channel, and thus 
provides key insights for elucidating the underlying 
mechanisms. 
In this study, we first constructed an ionic current 
model of a single horizontal cell based on the results 
obtained from solitary horizontal cells (Tachibana, 1981, 
1983). Secondly, each horizontal cell including an axon 
terminal was interconnected through gap junctions to 
form the horizontal cell layer. Using this model, we 
analyzed the light response properties of the L-type 
horizontal cell and discussed the functional role of the 
feedback effect of the horizontal cell to cone and the role 
of ionic currents in the cell during the light response. The 
present study reveals the functional relationship between 
characteristics onthe cellular level and network level. 
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TABLE 1. A description of each ionic current 
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dt 
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2 
flhNa = exp(7OoV ) + 1 
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d-S- = ahNa ' (1 hN~) - flhr~ ' hNa 
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gN~-a = 120 {nS] 
ENa = 55 [mV] 
1 1 -Ka  mKa-  
l + exp( l 
IKa = gKa " m4a " VK 
gK~a - = 50" I1 -- 0.5" Glu(t)] [nS] 
VK = V -- ~F K 
Ca 
5. (70 - v)  
(~,,,c~, - exp[(70 - V)/28] - 1 
dmCa = 2 .exp  ]-~ 
dmca 
de - c~,,,ca " (1 - mca) - flmCa "mca 
K 
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- -  K + [Cali 
d(Ca]i 
dt [Ca]entry + [Ca]buffer + [Calf . . . .  
G d[B] [Cale. [c.]i  
-2 .F  v + ~-  + ' Ttran s 
d[B] 
- -  0.01-([B]totat - [B]) - 105. [Ca]i. [B] 
dt 
( v ) 
rtr~ns - 200.exp 20 
/('a - -  = gc~ " m~.a ' hc,  • Vc, 
Vca = V-E( 'a  
Eca = 12.5. log (~ i )  
gc~ = 135 InS] 
v = 10-15 m 3 
F = 9.65 × 104 [C/mol] 
[Ca]o = 4 [raM] 
[Cale q = 0.05 [mM] 
[B]tota, - 0.03 [mM] 
[K] = 0.002 [raM l
~-exp(~253) - 1 
lglu - ,g,u ~ + 1 
/glu = 600" Glu(t) [pA] 
II Ii = g l  Vi. Vl 
gl = 0.5 [nS] 
Vi  = V - El 
Parameter values for each current were estimated by fitting the data from Tachibana (1983). The values for /ha  were estimated from the data by 
Yagi and Kaneko (1988). 
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FIGURE 1. The ionic current characteristics of the solitary horizontal 
cell model. The I-V relationship of each ionic current is obtained by 
simulated voltage clamp experiments with the model. Each inset in the 
I-V curve shows examples of the current dynamics during the voltage 
clamp. 
2. IONIC  CURRENT MODEL OF  A S INGLE 
HORIZONTAL  CELL  
Studies of solitary horizontal cells isolated from the 
retina of lower vertebrates have revealed that the cell 
soma has highly nonlinear and time-dependent ionic 
currents (Tachibana, 1981, 1983; Shingai & Christensen, 
1983; Lasater, 1986). On the other hand, the axon 
terminal of horizontal cells has rather linear and small 
membrane currents (Yagi & Kaneko, 1988). There are at 
least five major voltage-dependent currents and one 
transmitter activated current in the solitary horizontal cell 
soma, namely sodium current (INa), calcium current (/Ca), 
transient outward potassium current (IA), anomalous 
rectifying potassium current (Ii~), delayed rectifying 
potassium current (IKv), and glutamate-induced current 
(Igiu). Glutamate, which is the most likely candidate for a 
neurotransmitter of photoreceptors, activates /gin and 
suppresses lm by decreasing the number of active 
channels (Ishida et al., 1984; Tachibana, 1985; Kaneko 
& Tachibana, 1985). 
We modeled these ionic currents by a mathematical 
formulation similar to the Hodgkin-Huxley equation 
(Hodgkin & Huxley, 1952). Each current is the product of 
the electrical driving force and the conductance, which 
has activation and inactivation variables to describe 
voltage and time dependent characteristics, i.e. 
/ion(V, t) = gion" raM(v, t)" h(V,  t ) .  Vion(V) (1) 
where, g/on, m, M, h and Vion are maximum conductance, 
activation variable, positive integer, inactivation variable 
and driving force for each ion, respectively. For the 
currents with fast activation kinetics uch as, IA, Ir~ and 
Iglu, we only modeled the steady-state characteristics of
their voltage dependence. Since lr~, IKv and Iglu show 
little inactivation during voltage clamp, we describe the 
activation process in the model, and do not include any 
inactivation parameter. In addition to the voltage- 
dependent currents described, intracellular calcium con- 
centration affects membrane potential via its effect on 
ionic currents. Intracellular calcium concentration is
regulated by several mechanisms, including the sodium- 
calcium exchanger, which is responsible for expelling 
calcium ions out of the cell and sodium ions into the cell 
(Yasui, 1987). However, quantitative data describing the 
spatial distribution of calcium ions and the magnitude of 
the Na-Ca exchanger current are not available. We have 
therefore adopted the simplest possible descriptions of 
the calcium regulating system to represent the essential 
features of entry, buffering and transport (DiFrancesco &
Noble, 1985). Our aim has been to produce Ca-dependent 
#. ,  
fa) 
, 20mV 
0 2 4 [ s l  
| | | w 
-80 -40 0 40 
(C) V [mV] 
0 1 2 3 4 
Time [sec] 
I ,  , ' ~' ~' ; '~  
-80 -40 0 40 
(d) V [mVl 
~ i • w w w i 
t 
0 200 400 
Time [msec] 
FIGURE 2. The I-V characteristics and the action potentials simulated 
by the model. The I-V relationship was obtained under the voltage 
clamp in the absence of glutamate [Glu = 0, (a)] or in the presence of 
glutamate [Glu = 1.0, Co)]. Each inset shows the total ionic currents 
induced by depolarization to -80, 0 and 20 mV. The I-V curves were 
obtained from the current data measured at 0.2 and 5.3 sec after the 
command onset. The action potentials were generated by injecting 
current into the model (c and d). The magnitude of the current is 50 pA 
with 45 msec pulse in (c), and 5, 15, 21, 23 and 24 pA with 450 msec 
steps in (d). 
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FIGURE 3. One-dimensional model of the horizontal cell layer. The 
layer consists of 100 L-type horizontal cells (LHC) and the axon 
terminals (AT). The group of cones which connect with each 
horizontal cell is denoted as R. gs and gAx represent gap junctional 
conductances between somas and those between axon terminals, 
respectively, gSA corresponds to the axonal conductance between soma 
and axon terminal. The lower half shows the electrical equivalent 
circuits of the soma nd the axon terminal. The linear membrane 
properties ofthe axon terminal (Yagi & Kaneko, 1988) are expressed 
by the linear RC circuit. 
Ca-channel inactivation which has been shown to occur 
in horizontal cells (Tachibana, 1983). Three mechanisms 
are used to model calcium concentration: the entry of 
calcium ion via /ca ([Ca]entry), the action of calcium 
buffer ([Ca]buffer) and the effiux of calcium via the Ca 
transporters ([Ca]trans) (Yamada et al., 1989). Parameter 
values in Table 1 were estimated to match the current 
dynamics during voltage clamp and the I -V  relationships 
from the data by Tachibana (1983). The values for INa 
were estimated from the measurement by Yagi and 
Kaneko (1988). Figure 1 shows the reconstructed 
characteristics of the ionic currents. In the following 
sections, we omit INa in the model, since this current is 
not activated uring the light response of the horizontal 
cell. 
3. CHARACTERISTICS OF THE SINGLE 
HORIZONTAL CELL MODEL 
The membrane potential is computed as a function of 
the currents and the membrane capacitance using the 
following differential equation (see Fig. 3): 
dV 
Cs--~=- t -- (Ica + IA + IKa + IKv + lglu + Ii), (2) 
where I is the total current and Cs is the membrane 
capacitance. 
3.1. Voltage Clamp Simulation 
Under voltage clamp conditions, dV/dt is assumed to 
be zero, and thus the current I represents a summation of 
all ionic currents (lau)- We calculated the I -V  relation- 
ships in the absence [Fig. 2(a)] and presence [Fig. 2(b)] of 
glutamate. Each inset in Fig. 2(a and b) shows simulated 
currents when the membrane potential is shifted from the 
holding potential of -60 mV to -80, 0 and 20 mV. The 
simulated responses in the absence of glutamate [Fig. 
2(a)] show the time-dependent, N-shaped I -V  character- 
istics similar to the experimental data (Tachibana, 1983). 
Since glutamate activates lglu and suppresses I~,  the 
negative conductance region observed in Fig. 2(a) 
disappears in the presence of glutamate [Fig. 2(b)] and 
the cell shows the monotonic I -V relationship when the 
current amplitude is measured 5.3 sec after the onset of 
voltage pulse. Miyachi and Murakami (1989) explored 
the I -V characteristics of an in situ horizontal cell and 
found the linear relation which can be explained by the 
effects of glutamate released from photoreceptors. 
3.2. Current Clamp Simulation 
Solitary horizontal cells produce a long-lasting action 
potential when the membrane potential is depolarized by 
a current injection (Tachibana, 1981). Under current 
clamp conditions, the model produces action potentials 
[Fig. 2(c, d)] similar to those observed experimentally. 
The rising dynamics of the action potential depends on 
the magnitude of injecting current (Tachibana, 1981) and 
this behavior is simulated very well by the model. 
Although most of the model parameters were estimated 
from the slower time resolution data (Fig. 1) collected 
under voltage clamp, the faster dynamic hange of the 
membrane potential such as calcium spike is simulated 
quite well, as shown in Fig. 2(d). These simulation 
studies clearly demonstrate that the solitary horizontal 
cell model is plausible. Thus, using this model we 
analyzed the mechanisms by which in situ horizontal 
cells produce light responses. 
4. HORIZONTAL CELL LAYER MODEL 
The photoreceptor, which transforms a light signal into 
an electrical signal, sends a signal to the horizontal cells. 
It is assumed that the photoreceptor also receives 
reciprocal information from the horizontal cells via 
GABAergic negative feedback synapses (Ayoub & Lam, 
1984; Tachibana & Kaneko, 1984). In order to create a 
feasible model of the horizontal cell layer, we incorpo- 
rated the following connections into the model: each 
horizontal cell soma connected with an axon terminal via 
an axon, gap junctions among horizontal cell somas, gap 
TABLE 2. Model parameters of the horizontal cell layer 
rr [sec-l] 
c~ 
gSA [nS] 
Cs lpF] 
/AT [pA] 
20 r~ [sec -1] 20 
0.15 gs [nS] 42.0 
1.5 gAT [nS] 420 
12.5 CAT [pF] 6.25 
6.48 hAT [nS] 0.17 
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FIGURE 4. The response characteristics of an L-type horizontal cell induced by a slit illumination, which was observed at 
various positions. Superimposed voltage traces were recorded from soma (a) and axon terminal (b) in response to a flash of light 
(10 msec, 620 nm). The slit was displaced from the penetrated cell in 100/an steps. From the responses in (a) and Co), the peak 
latency was measured and plotted against the amount of displacement (c). Receptive field profiles for the soma (d) and the axon 
terminal (e) were obtained by measuring the voltage amplitude at 70, 120, 170 and 220 msec after the flash. 
junctions among axon terminals, feedforward inputs from 
photoreceptors (red-sensitive cone), and a feedback path 
from horizontal cells to photoreceptors, as shown in 
Fig. 3. 
4.1. Description of the Light Response 
In darkness, photoreceptors are in a depolarized state 
and thus release glutamate tonically. Horizontal cells 
depolarized by glutamate release GABA, which in turn 
hyperpolarizes cones. In the present formulation, we 
described these chemical processes as linear systems, 
although the detailed processes might act nonlinearly 
(Baylor et al., 1974). 
The hyperpolarizing response y(t) of a photoreceptor to 
a light L(t) was expressed as: 
+rr 7(0 = -~ 'L ( t ) ,  (3) 
where L(0 and 17 r are the stimulus intensity and the time 
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FIGURE 5. The simulated response characteristics of the L-type horizontal cell. The resting potential (Vo) of the model is 
-36 inV. See Fig. 4 for explanations. 
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constant, respectively. The transmitter released from red- 
sensitive cone, Glu(t) was described as follows: 
1 
Glu(t) = 1 + exp{-'y(t) + a. GABA(t)}' (4) 
where 0e is a feedback gain. Although GABA might affect 
the release of glutamate through the chloride current of 
the cone (Tachibana & Kaneko, 1984), the input--output 
relation of the feedback system can be approximated by
the simplified linear function in the normal voltage range 
(-20 to -50mV) of the light response (Wu, 1991). 
Glu(t) affects both Iglu and IKa in Table 1. GABA(t), 
which is the feedback effect mediated by GABA, was 
expressed by the first order linear system of membrane 
potential change in the horizontal cell soma. 
d 
~tGABA(t) : 7ro{(Vs - V0) - GABA(t)} (5) 
where reo, Vs and Vo are the time constant, he membrane 
potential of a horizontal cell and the resting potential, 
respectively. 
4.2. Reconstruction fthe horizontal cell layer 
The horizontal cell layer is reconstructed byconnect- 
ing each horizontal cell with gap junctional conduc- 
tances, as shown in Fig. 3. In the present formulation, we 
modeled the gap junctional conductances between somas 
(gs) and between axon terminals (gAT) as linear. Recent 
findings by Kouyama nd Watanabe (1986) showed that 
the length of the axon is functionally reduced by 
axon-axon and/or axon-axon terminal gap junctional 
contacts, and thus the axonal connection between soma 
and axon terminal was also expressed as a conductance, 
gSA. Although the horizontal cells make a three- 
dimensional structure in the retina, we can transform 
the layer into a one-dimensional model by assuming a
uniform structure of the layer and a symmetrical stimulus 
condition such as a slit of light (Usui et aL, 1983; 
Kamermans et aL, 1989). Thus, the model of the 
horizontal cell layer consisted of 100 cells connected 
laterally. Since the cell body of horizontal cells is 
approximately 50~m in diameter (Stell, 1975), the model 
corresponds to a retinal strip I cm long. Applying 
Kirchhoff's law to each cell, we obtained the following 
equations: 
Here, membrane potentials for nth soma and axon 
terminal of an L-type horizontal cell are labelled Vs, and 
VAT,,, respectively. These differential equations can be 
solved by a numerical integration method (Mascagni, 
1989). Table 2 shows the parameter values of the 
horizontal cell layer model, which were determined by 
fitting the model responses to the experimental data. 
Some of these parameters have been directly measured 
by electrophysiological experiments. Takabayashi and 
Mitarai (1985) studied the electrical coupling between 
adjacent L-type horizontal cell somas by means of a 
voltage clamp with paired electrodes. The gap junctional 
conductance between the somas calculated from the 
measured I-V relations is about 20-30 nS. Since we 
assumed a symmetrical structure for the layer, one half of 
gs which corresponds to the conductance between the 
somas agrees well with the conductance measured 
experimentally. 
5. RESPONSE PROPERTIES OF THE HORIZONTAL 
CELL LAYER 
5.1. Experimental observations 
Experiments were conducted on the isolated carp retina 
under photopic onditions. The materials and methods 
have been described in detail elsewhere (Usui et al., 
1983; Yagi, 1986). 
Responses to a moving slit were recorded from a soma 
or an axon terminal of L-type horizontal cell layers. The 
recording sites were identified by the electrode depth and 
the spatial properties of the light responses (Teranishi, 
1983; Yagi, 1986). The position of the light stimulus was 
displaced every 100/~m, and the records were super- 
imposed in Fig. 4(a and b). We measured the time 
difference between the time to peak of the response 
evoked by a central slit and that evoked by a displaced slit 
(the peak latency), and plotted it against he stimulus 
displacement, asshown in Fig. 4(c). The peak latency of 
the soma became smaller as the stimulus was displaced 
away from the recording site, although that of the axon 
terminal was almost constant. The response amplitude 
was measured at various times after slit stimulation and 
was plotted as a function of the displacement [Fig. 4(d, 
e)]. These findings indicate that the temporal properties 
of the soma receptive field changed ynamically, while 
[ 2gs(Vs.+l - Vsn) + gsA(VATn -- gsn)  - ] Ja i l  (n = 1) 
C dVsn ~ gs(gsn-1 - gsn) "[- Bs(Vsn+I -- VSn) 
s~d~ = ] q-gsA(VATn -- VS.) --I.tt (1 < n < 100) 
[ gs(Vsn-I - Vsn) JvgsA(VATn -- VSn) -l~zt (n = 100) 
C A T - -  - -  
dVATn 
dt 
2gAT(VATn+I  --  VATn) q--gsA(VSn - -  VATn) 
--/AT -- hATVATn (n = 1) 
gAT(VATn_ I  -- VATn) -q- gAT(VATn+ 1 -- VATn) 
+gsA(Vsn - VATn) --/AT -- hATVATn (1 < n < 100) 
gAT (VATn I --  VATn)  + gSA (Vsn - -  VATn)  
--/AT --hATVATn (n = 100) 
(6) 
(7) 
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FIGURE 6. Ionic current dynamics during the light response of the L- 
type horizontal cell. Each current was obtained from the model 
response at the central illumination shown in Fig. 5. The potassium 
currents except IA are mainly activated with a similar time course 
during the hyperpolarizing response. Iou shows faster characteristics 
especially for the falling phase. 
those of the axon terminal changed much less. These 
results uggest that the horizontal cell layer may have a 
lateral acceleration mechanism, which has been reported 
in the rod network (Detwiler et al., 1978). 
5.2. Model Responses 
The responses simulated by the model (Fig. 5) also 
showed characteristics similar to that described above. 
Analysis of the model behavior helps us to understand 
how horizontal cells respond to light. We found that ionic 
currents, Ira, IK,, and Iou, are mainly activated uring 
hyperpolarization in the course of the light response (Fig. 
6). Im and II,:,, change almost proportionally to the 
membrane potential without changing their individual 
dynamics, that is, they flow passively. However, Iglu 
changes its dynamics, especially during the recovery 
phase due to the feedback effect. We therefore concluded 
that the response dynamics of the L-type horizontal cell 
are modulated mainly by the input signals from the 
photoreceptors affected by the feedback. When the 
feedback gain was reduced from 0.15 to 0.05, the model 
predicted the responses, as shown in Fig. 7. These 
predicted characteristics are very different f romthe 
experimental data (Fig. 4). These results uggest that the 
acceleration of the response in the L-type horizontal cell 
layer is mediated by the feedback effect and that the 
feedback plays an important role not only in the 
generation of the color opponent signal, but also in the 
modulation of the dynamics of photoresponses of
horizontal cells. 
6. DISCUSSION 
6.1. Horizontal Cell Layer Model Based on the Ionic 
Current Mechanism 
In the present study, we constructed a retinal horizontal 
cell layer model based on the relevant physiological 
evidence such as the ionic current properties of the 
solitary cell, the synaptic mechanisms between photo- 
receptors and horizontal cells, and the wiring of the outer 
plexiform layer. Since our model reflects the electrical 
response mechanism of the horizontal cell, the simulated 
results can directly clarify the relationship between the 
~ ~ - -  Axonterminal ~ " 
o .o '  1 ;o '  
Displacement [mm] 
o.o 0.5 1.o o.o 
Displacement [ram] "Displacement [mm] 
FIGURE 7. The simulated L-type horizontal cell response without feedback. The feedback pathway from the L-type horizontal 
cell to cone was blocked by reducing the feedback gain (g) to 0.05 in the model of the horizontal cell layer. Note that the cell 
shows slow dynamics with the displacement. 
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FIGURE 8. An example of ionic current dynamics during the 
hyperpolarizing and depolarizing responses from an R/G-type 
horizontal cell. Each voltage-dependent io ic current was directly 
estimated by reversing the dynamics of the experimental voltage 
responses u ing the single horizontal cell model. 
event at a cellular level and the characteristics at the 
network level. 
Winslow (1989) also proposed a solitary horizontal 
cell model based on ionic current properties and made a 
bifurcation analysis of the model. He showed that the 
linear I-Vrelationship observed in in situ horizontal cells 
can result from the effect of the synaptic onductance on 
the membrane, which is also observed in our model in the 
presence of glutamate [see Fig. 2(b)]. However, since his 
model was constructed by fitting the steady-state I -V  
characteristics with spline curves, it is difficult to analyze 
the dynamical characteristics, i.e. the effect of activation 
and inactivation kinetics of each current. 
6.2. The Role of Individual Ionic Currents During Light 
Response 
We have developed an ionic current model of the 
horizontal cell to analyze the dynamic voltage response 
properties. Since the detailed electrical characteristics of
the horizontal cell are incorporated in the present model, 
we can use the model as an inverse dynamics model. That 
is, we can estimate the flow of each ionic current during 
the voltage response recorded experimentally by rever- 
sing the dynamics (Usui et al., 1991). This method is 
similar to the action potential clamp technique (Ibarra et 
al., 1991), which is applied to the study of the dynamics 
of specific ionic currents during the action potential. By 
using this method, we analyzed the ionic currents for the 
hyperpolarizing and depolarizing responses from an R/G- 
type horizontal cell. The voltage dependent ionic 
currents, /ca, IA, IKv and It were estimated from the 
experimental voltage responses (Fig. 8). Voltage ampli- 
tude is similar in both polarizations and ionic currents 
show similar changes for IA, IKv and Ii. However, /Ca 
shows a larger change during depolarization. As shown in 
Fig. 1,/Ca has a strong time and voltage dependence, and 
thus these characteristics ould modulate the depolariz- 
ing photoresponse. The depolarizing photoresponse is 
mainly generated by the current through glutamate 
channels, however, the reversal potential for lgtu is near 
0 mV and thus the inward/glu decreases as the membrane 
potential is depolarized. Therefore, the cell would not be 
depolarized enough by the input signal. However, the 
inward calcium current is activated by membrane 
depolarization and facilitates the depolarization by the 
positive feedback effect of/Ca. 
Although solitary horizontal cells generate calcium 
action potentials, horizontal cells in situ normally do not 
evoke action potentials (Murakami & Takahashi, 1987). 
The horizontal cell also releases GABA in a calcium- 
independent manner (Schwartz, 1982), and thus the role 
of the calcium channel in the cell has yet to be clarified. 
Our result suggests that/Ca in horizontal cells may act as 
an enhancer for the depolarizing response by its positive 
feedback characteristics. 
6.3. The Lateral Acceleration Mechanisms 
The lateral acceleration properties, which were clearly 
demonstrated in horizontal cells by the stimulus dis- 
placement experiment, are also observed in the turtle rod 
network (Detwiler et al., 1978). The previous study 
explained the acceleration property by assuming that the 
cell membrane behaves like an inductance, but the 
assumption is quite unrealistic for a horizontal cell 
membrane. Although Detwiler et al. (1980) suggested 
that if hyperpolarization decreases the potassium con- 
ductance, then the membrane shows inductance-like 
properties, the membrane conductance of the horizontal 
cell is almost linearized by the effect of glutamate. 
Therefore, the membrane conductance and capacitance 
cause the horizontal cell to act as a linear low-pass filter 
during hyperpolarization, and the current flows propor- 
tionally to the membrane voltage (see Fig. 2). The main 
factor influencing the hyperpolarizing response is the 
input signal to the horizontal cell. We conclude that the 
lateral acceleration for hyperpolarizing response of the 
horizontal cell was due to the feedback interaction 
between cone and horizontal cell, that is, the feedback 
effect causes the high-pass filtering properties in the 
horizontal cell layer. 
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